As part of the California Regional PM 2.5 and PM 10 Air Quality Study (CRPAQS) particle size distributions were measured simultaneously at two sites; the city of Fresno and the rural agricultural site of Angiola. Reported here are data obtained by scanning mobility analysis over the size range from 10 nm to 400 nm for the intensive study period from December 1, 2000 through February 6, 2001. These high-time resolution data show variability in the character of the distributions, as well as the in the total number concentrations. The most pronounced feature of the data set is a consistent, nighttime maxima in particle number concentrations with a modal diameter near 80 nm during the evening hours at the urban Fresno site. Although these maxima are correlated with CO, NO and black carbon, the particle size is larger than the 30-40 nm modal diameters observed for traffic aerosols during the commute hours, and is attributed to a nonvehicle source. At the rural site, the morning maxima particle number concentration coincides with the maxima in NO concentration, but often precedes the morning maxima in black carbon.
Introduction
Recent laboratory and epidemiological studies have shown that "ultrafine" particles, loosely defined as those with diameters below 100 nm, are related to adverse health effects (Oberdorster et al, 1992 , 1995 , Donaldson and MacNee, 1998 , Wichmann and Peters, 2000 . In the 1970's Whitby showed that the concentrations of these particles, then referred to as "nuclei mode" are elevated along freeways, as a result of direct emission from combustion sources (Whitby, 1978, Sverdrop and Whitby, 1980) . More recent studies have examined the dynamics of these size distributions near freeways, and have shown that the ultrafine particles persist downwind, with little change in size distribution Wexler, 2004, Zhang et al, 2004) , and can envelop nearby buildings close to a freeway (Morawska, 1999) .
Several recent air quality studies have included monitoring of particle size distributions over extended periods. Campaigns in the cities of Atlanta (Woo et al, 2001 ), Pittsburgh (Stanier et al, 2004) , Houston (Gasparini et al, 2004) , Los Angeles , Fresno (Watson et al, , 2005 and an agricultural region near Leipzig, Germany (Birmili et al, 2001 ) provide data for periods of one year or more. These studies have shown that ultrafine particles are not always directly emitted, and even in urban areas may result from "nucleation events" with bursts of new particle formation in the 3 to 10 nm size range that may grow into larger sizes. Ruuskanen (2001) compares simultaneous measurements among three European cities during a three-month winter period, and found that while particle mass concentrations varied, the particle number concentrations among the cities were similar, and uncorrelated with PM 2.5 mass.
In this paper we present simultaneous measurements of dry particle size distributions in an urban location and at a rural agricultural site in California's central valley region, with comparison to profiles for NO, O 3 , black carbon and nitrate. Measurements were made as part of the California Regional PM 2.5 and PM 10 Air Quality Study (CRPAQS) that was conducted to understand the character, sources, and regional nature of the particles associated with high, wintertime particulate concentrations found within California's San Joaquin Valley (Magliano et al 1999, Watson and .
Experimental
The size distributions of atmospheric particles at ambient dew point were measured over the diameter size range from 10 nm to 400 nm at two sites in the San Joaquin Valley. Urban Particle size distributions were measured using Scanning Mobility Particle Sizer (SMPS, TSI Model 3936L10 ) equipped with the "long" mobility column (TSI Model 3081) and a TSI Model 3010 butanol-based condensation particle counter (CPC). This CPC operates at an aerosol flow rate of 1 L/min, and has a lower cutpoint of 10 nm. The SMPS was operated with a 120-s upscan, followed by a 30-s downscan. One size distribution is reported every five minutes, consisting of an average of data from the two upscans. The data are reduced at the time of collection, and reported with a size resolution of 32 channels per decade of particle diameter.
The relative humidity at the point of measurement was evaluated for each hour of the study using measurements of the outdoor dew point and SMPS sheath flow temperature.
At the time of this study, the commercial software provided by TSI to control the SMPS did not have the capability for continuous monitoring. The number of consecutive samples was limited to 999 (or 3.5 days for 5-min sampling); system parameters such as flows, pressures and temperatures were not recorded; and there was no serial output for externally logging by the site data acquisition system. Thus, a QuickBasic program (SMPSDAT) was written that operated alongside the TSI software. Overall control of the SMPS system, including voltage scanning and logging of the raw particle counts, was handled by the TSI program. For each 5-minute size distribution the TSI software created a new data file containing the raw count data from the CPC.
The companion SMPSDAT program looked for these new files. When found, SMPSDAT would read the system parameters (temperatures, pressures, flows and flags), process the count data using the current operating conditions, and send reduced size distribution data and system parameters to the site data acquisition computer and to a locally stored file. Additionally, SMPSDAT would move, rename and zip the files of raw tenth-second count data from the TSI software into a monthly ZIP file.
SMPSDAT calculated size distributions using the theoretical relationships to convert from scan time to particle electric mobility to particle diameter, as described by Wang and Flagan (1990) . Volumetric flow rates were corrected for the pressure drop across the precut impactor at the SMPS inlet. Particle mobility calculations were done at the measured sheath flow temperature and pressure. Size-dependent aerosol charge fractions and size-dependent CPC detection efficiencies were based on Wiedensohler et al (1988 Wiedensohler et al ( , 1997 , as provided by TSI. Data were reduced using 64 channels per decade, and then regrouped into 32 channels per decade to provide a data set with same particle size boundaries for all distributions, regardless of shifts in sheath flow, pressure or temperature which affect the voltage -particle size relationship.
During the study the SMPS system was serviced every third day, including resetting of the TSI software, zeroing of the pressure drop transducers, and cleaning and greasing of the inlet impactor collection plate. At less frequent intervals the impactor orifice was also cleaned. On an approximate weekly basis or more frequently the butanol reservoir in the CPC was refilled.
Monthly scheduled maintenance included flows checks of the DMA sheath and CPC sample flows using a bubble flow meter (Gilabrator) placed in-line. Dynamic zero concentration checks with an inlet filter and particle size calibration checks with monodisperse polystyrene latex (PSL) spheres were performed periodically (roughly once a month) on the SMPS.
All data were post-processed based on quality assurance review and data flags. The system was configured such that the sheath and bypass flows were operated in series, and both flows were recorded by SMPSDAT software. In the quality assurance review the flow readings for these two sensors were compared. At the Angiola site there were frequent discrepancies between these two readings which were traced to improper zeroing of the sheath flow transducer.
These data were post-processed based on readings from the bypass flow sensor, with validation based on review of the sizing of the PSL standards. In the post-processing, all of the data were corrected for multiple-charging. For ~2% of the distributions this correction yielded negative concentrations in some channels, and these negative values were set to zero concentration.
Average Size Distributions
Mean particle size distributions from the Fresno and Angiola sites are presented in Figure 1 and Figure 2 . Shown are averages over 57 "episode" days during the study period, taken to be those for which the 24-hr averaged PM 2.5 mass at the Fresno site exceeded 40 µg/m 3 .
Size distributions are shown for weekdays (36 days), and for weekends and holidays (21 days), at four different times of the day: 7:00-8:00, 12:00-13:00, 17:00-18:00 and 21:00-22:00 PST.
The average over weekends and holidays include Saturdays and Sundays, as well as the holidays of December 25, January 1 and January 15, each of which fell on a Monday.
Notable is the contrast between the two sites. At Fresno the maximum particle number concentrations occurred in the evening hours, with a single mode peaking at 80 nm. This feature is present on both weekdays and weekends, as illustrated by the distribution from 21:00 to 22:00 pm. The relative humidity at the point of measurement was consistently low, varying from 15%
to 40% throughout the entire study period, with a mean value of 27±5%RH. Thus the larger particle size observed during the evening hours is not a result of relative humidity effects. The size distribution measured during the weekday morning rush hour, from 7:00-8:00 am, is characterized by smaller particle diameters and higher total number concentration than for the same period during the weekends and holidays. However, this difference is less pronounced than at the background site of Angiola.
Angiola exhibits a much stronger difference between weekdays and weekends and holidays than does the Fresno site. The maximum particle number concentrations at Angiola are observed in the morning hours, rather than in the evening. The trace for 7:00 to 8:00 am exhibits two modes, with modal maxima at 35 nm and 100 nm. The 35 nm mode is more pronounced on weekdays, while that at 100 nm, is more pronounced on weekends and holidays. Perhaps surprisingly, this result indicates a larger relative importance of weekday morning activities in the farming area of Angiola than in the city of Fresno. The overall lower traffic densities, and the absence of non-workday residential activity, contribute to the sharper weekday/weekend contrast observed here.
The mean value in particle number concentrations for the source-rich urban area of Fresno was 20,200 ±14,700, as compared to 3,650 ±1,840 at the rural Angiola site, for this twomonth winter period. The value for Fresno is comparable for that reported for wintertime in the European cities of Alkamar, Erfurt and Helsinki, with mean number concentrations over the particle diameter range between 10 nm and 100 nm of 16,200, 17,700 and 18,300 cm -3 respectively (Ruuskanen et al, 2001) . It is also similar to annual averaged values reported for the city of Atlanta, GA (21,400±1200 cm -3 , Woo et al, 2001 ) and the city of Pittsburgh, PA (14,300 cm -3 , Stanier et al, 2004) . Those values at Angiola are somewhat lower than the value of 6,500 cm -3 reported by Stanier for a rural site 38 km downwind of Pittsburgh. During periods of elevated concentration, this graph clearly shows larger geometric mean diameter at Angiola than at Fresno. The relative humidity at the point of measurement was low, and approximately the same at both sites, as noted above, and thus this does not account for the observed difference in particle sizes.
Statistics for the two sites are compared in of the study period at Angiola, as compared to 0.1% at Fresno.
Diurnal Profiles
Figures 4 and 5 show the diurnal patterns for the period from December 16 through February 7, for days when the 24-hr average PM 2.5 mass at the Fresno site exceeded 40 ug/m 3 .
The daily pattern in the particle number concentration is displayed as an "hourly residual", defined as the difference between the measured concentration and the 24-hr average concentration centered on that hour. This approach allows us to more easily distinguish the diurnal pattern from the more slowly varying, multiday changes in concentration that result from the meteorologically driven periods of stagnation. The particle diameter, which is an intensive parameter, is plotted directly. All values are plotted as a function of the time of day, with separate traces for each day. The weekdays (Monday through Friday) are distinguished from the weekends and holidays as described above. For this study period both Christmas Eve and New
Year's Eve fell on a Sunday, and thus were automatically grouped with the weekend-holiday set.
Traces for Christmas and New Year's day are shown by the solid symbols.
The data for Fresno show a very distinct pattern in the total number concentration and geometric mean diameter for both weekdays and weekends. Pronounced are the evening maxima in number concentration, which are observed between 20:00 and 22:00 on most days.
These evening particle size distributions are characterized by an increase in the geometric mean diameter. Daytime size distributions were more variable than at night. A second, weaker maxima is seen at 7:00 to 8:00 in the mornings, coincident with a decrease in the geometric mean particle diameter. A secondary minimum is observed between 16:00 and 18:00 on some, but not all weekdays. This "rush hour" pattern is more prominent on weekdays than weekends, and is missing on Christmas Day (solid circle). The lowest particle number concentrations are observed midday, noon to 3 pm, when the mixing height is higher, and the ventilation parameter, defined as the product of wind speed and mixing height, is greatest (Lilly et al, 2005) .
The Angiola site does not exhibit the strong diurnal pattern observed at Fresno. The most consistent feature is a slight increase in the mean diameter between 9:00 and noon, coincident with the increase in the mixing heights. This feature is also seen in the Fresno data. Notable is the absence at Angiola of the consistent evening increase in particle concentrations and geometric mean diameter observed at Fresno.
The trends in particle number concentration observed for Fresno are in direct contrast to that reported for Pittsburgh, where the largest particle number concentrations are seen midday (Stanier et al, 2004) . This was most pronounced for particles between 3 to 10 nm in diameter, but was also observed for particles in the size range from 10 to 50 nm. At Pittsburgh, Stanier et al report that particle nucleation events were observed on 30% to 50% of the days, typically occuring in the morning hours. These particle nucleation events are characterized by a burst in small particle number concentration forming a mode that increases in diameter over a period of several hours, and contributed to the midday peak in particle number concentrations.
Woo et al, (2001) observed particle nucleation events in Atlanta, with maxima in the concentration of 3 to10 nm particles occurring midday. Unlike the Pittsburgh measurements, the observed Atlanta events did not lead to an increase in the midday concentration of particles above 10nm in diameter. In Atlanta the average of particle number concentrations over each hour for the one-year study period showed show afternoon minima for particles between 10 to 200 nm, much as observed here. Figure 6 shows contour plot of the size distributions at Fresno over the period from
Comparison with Other Constituents
December 21, to January 6. The high particle concentration events, shown in black, occur consistently in the evening hours, ending at midnight except on New Years Eve, where the high concentrations extend into the early morning hours of January 1. The mean particle size during these events is between 80 to 90 nm. These events are coincident with increases in NO, CO and black carbon, as shown by the overlay plot.
On December 28-30 (Thursday through Saturday) and again on January 2 through 5 th (Tuesday through Friday) the Fresno data exhibit a secondary maxima in particle concentration, NO, CO and black carbon appearing between 7:00 and 8:00 PST, associated with the morning traffic. The morning rush hour traffic occurs prior to the lifting of the nighttime inversion. The evening rush hour is not readily discernable, in part because it is more spread in time, and because the inversion heights remain somewhat elevated.
The coincidence of high particle number concentrations and high CO, NO and black carbon (BC) concentrations is seen in the average profile plot of Figure 7a , where data from each hour of the day for all episode periods have been averaged together. To more clearly show diurnal behavior, these patterns are calculated by averaging the difference between the measured value and the running 24-hr average (i.e., average over residuals such as shown in Figures 4 and   5 ). Black carbon and particle number concentrations correlate throughout the day. The NO and CO is higher with respect BC and particle number concentration in the morning than in the evening.
Unlike the evening maxima, the morning secondary maxima are characterized by smaller particle diameters. Figure 7b shows that the geometric mean particle diameter reaches a minimum 50 nm in the morning, and again in the evening, between 16:00 and 18:00 PST. The observation of traffic-related aerosols has been reported by many investigators. Modal diameters for particles above 10 nm are in the range of 20 to 60 nm (Kittelson et al, 2004; Zhang et al, 2004 Zhang et al, , 2005 Zhu et al, 2002; Morawska et al, 1999 ). Zhang and Wexler (2004) have shown that the particle size does not change by coagulation, and that the characteristic size of the vehicular emissions is stable within a few seconds after exiting the tail pipe. Thus coagulation does not account for the larger particle size observed here in the evening hours. Further, the size distributions presented here correspond to measurements under consistently dry conditions. Therefore the indicated size is not dependent upon diurnal pattern in relative humidity. For these reasons we conclude that the 80-nm mode particle size distribution observed in the evening hours does not arise from vehicular emissions. report elevated concentrations of black carbon during winter evening hours at Fresno, and suggest that this may arise from residential heating and wood combustion. Recent organic speciation of fine particles in Fresno show a high values of levoglucosan, a marker for wood combustion (Rinehart et al, 2006) , similar to that reported earlier for the city of Bakersfield, located to the south of Fresno in the San Joaquin Valley (Schauer and Cass, 2000) .
The evening size distribution data are consistent with the hypothesis of wood burning. Hildemann et al (1991) report that residential fireplace wood combustion and industrial boiler fuel oil combustion produce relatively fewer particles in the 20 nm to 40 nm size range than do catalyst-equipped vehicles.
Most other studies in urban areas have found the largest particle number concentrations are associated with traffic sources, or occasional daytime particle nucleation events (Ruuskanen et al, 2001 , Stanier et al, 2004 , Woo et al, 2001 , Gasparini, 2004 . Only Harrison et al (1999) , who conducted measurements in Birmingham, England during November "bonfire" celebrations, report higher particle number concentrations in the evening, and this is associated with the holiday fires and fireworks.
Like Harrison's "bonfire" events, the Fresno data show that the largest particle number concentrations during the evening. Further, the size distribution of these particles differs from that of the morning traffic emissions, indicating that these high particle numbers are not associated with vehicular traffic. Several epidemiological and toxicological studies have linked health effects to particles below 100 nm in diameter, and have associated these ultrafine particles with vehicular traffic. It is significant that during the winter months presented here the dominant contribution to ultrafine particles is not vehicular traffic.
The average patterns for Angiola differ from those at Fresno. The evening, 80 nm modal diameter particle number concentration maxima is not consistently present. While there is a morning increase in particle number concentration correlated with NO concentrations, it is not, on average, correlated with the black carbon concentrations (Figure 7c) . Instead, the daily increase in the black carbon concentration is coincident with the increase in nitrate, and with an increase in the geometric mean particle diameter (Figure 7d ).
Several investigators have suggested that the morning increase in nitrate occurs when the inversion heights lift and nitrate formed aloft via nighttime mechanisms is mixed to the ground (Pun and Seigneur 2001; and Lurmann et al, 2005) . The midmorning increase in nitrate is seen at both sites, and slightly precedes the increase in ozone concentration.
The offset between black carbon and particle number concentration, and the coincidence of the black carbon with nitrate shown in Figure 7d suggest that much of the midday black carbon at Angiola is not from fresh local emissions, but rather is transported within the upper mixed layer during the night and mixed to ground level along with the nitrate in the late morning.
Summary
At Fresno, the particle number concentrations in the 10 to 100 nm size range are comparable to that reported for other urban areas, such as Atlanta, Pittsburgh and the European cities of Erfurt, Alkmaar and Helsinki. However, in contrast with those cities, the maximum concentrations are found during the evening hours, several hours after the evening traffic commute. Although these maxima were correlated with CO, NO and black carbon, the eveningtime geometric mean particle diameter is larger than observed for traffic aerosols during the commute hours, indicative of a non-traffic, combustion source.
At Angiola, particle concentrations were lower than at Fresno, and the morning particle size distributions show a more distinct mode at 30 nm than those at Fresno. The total particle number follows the NO concentrations, but often precedes the morning maxima in black carbon suggesting that a significant portion of the midday loadings of black carbon do not arise from local traffic at this site, and instead are consistent with nighttime transport within the upper air mass which mixes to the ground in the morning when the inversion lifts. At both sites the geometric mean particle diameter values vary from day to day, but are correlated between the two sites, with somewhat larger particle sizes at the Angiola during periods of stagnation. Figure 7 . Average profiles over 56 episode days during the winter study period of the particle number concentration, black carbon (BC), NO, CO, particle geometric mean diameter (D gN ), nitrate and ozone at Fresno and Angiola.
